Recent studies demonstrated the dependence of speed adaptation in Escherichia coli on acetylation of the chemotaxis signaling molecule CheY. Here, we examined whether CheY acetylation is involved in chemotactic adaptation. A mutant lacking the acetylating enzyme acetyl-CoA synthetase (Acs) requires more time to adapt to attractant stimulation, and vice versa to repellent stimulation. This effect is avoided by conditions that favor production of acetyl-CoA, thus enabling Acs-independent CheY autoacetylation, or reversed by expressing Acs from a plasmid. These findings suggest that CheY should be acetylated for ordinary adaptation time, and that the function of this acetylation in adaptation is to enable the motor to shift its rotation to clockwise. We further identify the enzyme phosphotransacetylase as a third deacetylase of CheY in E. coli.
In chemotaxis of Escherichia coli, cells bias their random-walk swimming towards favorable environments and away from unfavorable ones. They do it by modulating the direction of flagellar rotation. This direction is controlled by a signaling protein, CheY, that shuttles back and forth between the receptors and the flagellar motor (for a review see [1] [2] [3] [4] ). The activity of this protein is regulated by its phosphorylation [1] [2] [3] [4] and acetylation [5] . Phosphorylation enhances its primary binding to the switch of the flagellar motor [6] , and acetylation boosts its subsequent binding to secondary sites at the motor, shown to be clockwise-generating sites (O. Afanzar, D. Di Paolo, M. Eisenstein, A. Plochowietz, A. N. Kapanidis, R. M. Berry and M. Eisenbach, unpublished data). CheY can be phosphorylated and dephosphorylated by the kinase CheA and phosphatase CheZ, respectively [7] . It can also be autophosphorylated by small phosphodonors such as acetyl phosphate [8, 9] . CheY can be acetylated [5, 10] and deacetylated [10, 11] by the enzymes acetyl-CoA synthetase (Acs) and the sirtuin CobB, respectively. It can also undergo autoacetylation by acetyl-CoA (AcCoA) [12] and acetyl phosphate [13, 14] (Y. Blat and M. Eisenbach, unpublished data). An important part of chemotaxis is the process of adaptation which, subsequent to stimulation of bacteria by an attractant or a repellent, restores the prestimulation behavior [2, 15] . This adaptation involves modulation of the methylation level of the chemotaxis receptors [2, 15] . However, methylation-independent partial adaptation has also been reported [16] [17] [18] . Recently, we demonstrated that methylation-independent adaptation involves speed adaptation and that this adaptation is dependent on CheY acetylation [19] . This raised the question of whether CheY acetylation is also Abbreviations AcCoA, acetyl-CoA; Ack, acetate kinase; Acs, acetyl-CoA synthetase; CheY~Ac, acetylated CheY; HPLC, high-pressure liquid chromatography; IPTG, isopropyl b-D-1-thiogalactopyranoside; MeAsp, a-methyl-DL-aspartate; Pta, phosphotransacetylase.
involved in methylation-dependent adaptation. Here, we addressed this question.
Materials and methods

Materials
L-Methionine was purchased from Calbiochem (San Diego, CA, USA), and streptomycin, kanamycin, a-methyl-DLaspartic acid (MeAsp), b-alanine, and isopropyl b-D-1-thiogalactopyranoside (IPTG) from Sigma-Aldrich (St. Louis, MO, USA).
Bacterial strains and plasmids
The strains and plasmids used in this study are listed in Table 1 . Strain EW557 was constructed by transforming the Acs-expressing plasmid into AJW803. EW558 strain was prepared by P1 transduction from the KEIO strain DcheY::kan [20] into the wild-type strain CP875.
Chemotaxis assays and data analysis
Cells were grown at 30°C with continuous shaking in 10 mL tryptone broth supplemented with the appropriate antibiotics to OD 590 nm = 0.4-0.6, collected by centrifugation (5 min at 184 g) and washed twice in a motility buffer containing 10 mM potassium phosphate (pH 7.0), 0.1 mM EDTA and 0.1 mM Lmethionine [21] . The response of the cells to MeAsp was measured by recording the swimming of cells on a glass slide before and after the addition of the attractant with a phase-contrast microscope (Carl Zeiss, Jena, Germany) using 409 objective and a ULEAD VIDEOSTUDIO 9 program (Ulead Systems, Taipei, Taiwan) for recording at 25 framesÁs
À1
. All the experiments were carried out at room temperature. The cell tracks were subsequently analyzed for angular velocities by homemade computer software [19] .
Quantification of intracellular AcCoA
The quantification of intracellular AcCoA was performed by 6% perchloric acid lysis and high-pressure liquid chromatography (HPLC) analysis using a 260 nm UV detector as described earlier [22] with some modifications. Briefly, 80 mL cell culture was grown in tryptone broth to OD 590 nm = 0.4-0.6 and centrifuged at 5000 g, 4°C, for 10 min. The pellet was resuspended in 1 mL of 6% perchloric acid to lyse the cells. Then, pH was adjusted to pH 5.0 by K 2 CO 3 . The solution was centrifuged and the supernatant was filtered twice through a 0.22-lm polyvinylidene difluoride membrane syringe filter. The solution was analyzed by HPLC using a Chromolith Ò Performance RP-18 end-capped 100-4.6 HPLC column (Merck Millipore, Billerica, MA, USA) and a 260 nm UV detector.
Expression and purification of recombinant proteins
The proteins 6xHis-CheY and 6xHis-phosphotransacetylase (Pta) were overexpressed in ASKA strains JW1871 and JW2294, respectively, by growing the strains to midexponential phase (OD 590 = 0.6) and then adding 1 mM IPTG for 3 h at 37°C. Cell-free extracts were prepared by sonication and the proteins were purified by Ni 2+ -affinity chromatography as described [23, 24] .
Analysis of in vivo CheY acetylation level
Strains CP875, AJW803, and AJW804 were grown to OD 590 nm = 0.4-0.6 in tryptone broth. Cells were harvested and lysed with BugBuster Protein Extract Reagent for 1 h. The resulting cell-free extracts were subjected to SDS/ PAGE. One gel was stained with Coomassie blue, and the other was used for western blotting with anti-acetyl-lysine antibody. 
AG1 + pCA24N (expressing 6xHis-Pta) [31] In vitro deacetylation assay
To obtain acetylated CheY (CheY~Ac), we incubated 6xHis-CheY with AcCoA (50-100 lM) in 50 mM Tris-HCl buffer (pH 8.0) for 18 h at 35°C. CheY~Ac was separated from the low-molecular-mass components by ultrafiltration [12] and its acetylation level in the presence and absence of Pta was determined by western blot analysis using antiacetyl-lysine antibody (1 : 4000).
Statistical analysis
Statistical analyses were carried out using INSTAT 3 software package (Graph Pad Software, La Jolla, CA, USA).
Results
To determine whether CheY acetylation is involved in adaptation of the chemotactic response, we compared the adaptation time in two strains: a mutant that lacks the acetylating enzyme, Acs, and its Acs-containing wild-type parent. Figure 1A shows the chemotactic response of these strains to the nonmetabolizable attractant, a-methyl-DL-aspartate (MeAsp). The adaptation time, i.e., the time required for the angular velocity of the cell population to be restored to the prestimulus level, was significantly longer in the mutant (Fig. 1A,  B) . To verify that this effect on the adaptation time was, indeed, the outcome of the absence of Acs, we complemented the Δacs mutant with the pCA24N plasmid encoding the overproduction of Acs, forming strain EW557 ( Table 1 ). The complemented strain adapted faster than the Δacs mutant and even faster than the original wild-type parent (Fig. 1B,C ; note, although, that the extent of the excitatory response was smaller). Similarly, short adaptation time was obtained when the Δacs mutant was grown in the presence of acetate (Fig. 1B,C) , thus enabling autoacetylation of CheY [12, 25] . Figure 2 shows the chemotactic response of the same strains to the repellent Ni
2+
. Here, the adaptation time of the mutant was shorter than that of the wild-type parent. These results suggest that acetylation affects the adaptation time in E. coli chemotaxis.
To verify that the observed changes in adaptation time were indeed due to CheY acetylation rather than CheY phosphorylation via the generation of acetyl phosphate [26] , we examined the effect of acs deletion in a background of Δ(ack pta) double mutant [encoding acetate kinase (Ack) and Pta, respectively; Scheme 1]. The adaptation time of this triple mutant was comparable to the adaptation times of its wild-type and Δ(ack pta) parents (Fig. 1B,D) . While this result seemed to rule out the involvement of acetyl phosphate in the observed attractant-stimulated changes, it was surprising to note that the absence of both Ack and Pta apparently canceled the effect of acs deletion on the adaptation time. Two potential interpretations of this result seem reasonable. One is that the level of AcCoA is higher in the absence of Ack and Pta because this compound can only be produced from pyruvate and acetate, and cannot be consumed (Scheme 1). This higher AcCoA level may enable higher specific autoacetylation of CheY at residues K91 and K109 [5, 11, 12] . The other is that Pta, like CobB (shown to deacetylate K91 and K109 of CheY [11] ) and Acs (shown to deacetylate CheY under certain conditions [10] ), acts as a deacetylase of CheY (Scheme 2), in which case its absence would reduce this deacetylation.
(Indeed, an alternative possibility could be that Pta autoacetylates itself, using CheY~Ac as its acetyl donor. However, the apparent sequence similarity between CobB and the N-terminal domain of Pta, which is important for the function and structure of this enzyme, favors the deacetylase option.) We put these both potential interpretations to the test.
We addressed the possibility of higher AcCoA level modulating the adaptation time from two angles. In one, we investigated whether modulation of the AcCoA level affects the adaptation time. In the other, we compared the AcCoA levels in the Δ(acs ack pta) triple mutant, the Δacs mutant, and the wild-type parent. To modulate the AcCoA level, we used the mutant D(aroP-aceEF) panD (strain SJ135; Table 1 ), in which the AcCoA level is very low in the absence of acetate and b-alanine but normal in their presence [22, 27] . Clearly, in the absence of acetate and b-alanine, this double mutant needed significantly more time to adapt to the attractant MeAsp and less time to adapt to each of the tested repellents (Fig. 3) , resembling the effect of acs deletion. The AcCoA level, determined by HPLC, in the Δacs strain was, as expected, significantly lower in the Δacs strain (Fig. 4) . The level in the triple mutant was higher and comparable to the wild-type parent. The results, taken together, suggest that the higher AcCoA level in the triple mutant relative to the Δacs strain contributes to the normal adaptation time in the former.
To find out whether Pta deacetylates CheY, we compared CheY's acetylation level in vivo between a Dpta mutant and its wild-type parent, using a DcobB mutant as a positive control. The deletion of either cobB or pta resulted in an elevated CheY acetylation level (Fig. 5A) , consistent with the possibility of Pta also functioning as a deacetylase. The acetylation level in the Δacs strain was comparable to that of the wild-type parent. This is because the basal level of CheY acetylation is Acs independent [28] . To further examine the possibility of Pta functioning as a deacetylase, we investigated whether Pta can deacetylate CheY in vitro. Addition of 6xHis-Pta (Fig.  S1 for 6xHis-Pta purity) to 6xHis-CheY, preacetylated by AcCoA, resulted in a gradual decrease in the level of 6xHis-CheY acetylation, a decrease that was not observed in the absence of 6xHis-Pta (Fig. 5B) . Thus, both the in vivo and in vitro results suggest that Pta can catalyze CheY deacetylation.
Discussion
This study demonstrated that the absence of the acetylating enzyme Acs leads to an aberrant adaptation time, longer time to an attractant stimulus and shorter time to a repellent stimulus. It also showed that Δacs cells resume their ordinary adaptation time under conditions that favor autoacetylation of CheY, suggesting that CheY should be acetylated for ordinary adaptation time. The study further identified Pta as a deacetylase of CheY.
An observation that deserves attention is that the absence of Acs affected the adaptation time (Figs 1  and 2 ) without affecting the measured acetylation level of CheY (Fig. 5A) . It should be noted that CheY undergoes acetylation at multiple sites [10, 12] , and only two of them, Lys-91 and Lys-109, are involved in clockwise generation [5] and are acetylated by Acs [5] and by AcCoA-mediated autoacetylation [11] . It is, therefore, probable that the absence of Acs decreased the acetylation level of these two sites, and this was reflected in the adaptation time. However, this decrease was undetectable in the western blots due to the high acetylation level in the other sites [28] , presumably acetylated by acetyl phosphate [14] . Eisenbach, unpublished data). Since adaptation to attractants and repellents involves generation and attenuation of clockwise rotation, respectively, the simplest interpretation would be that the level of CheY acetylation affects the adaptation time by modulating the ability of the motor to rotate clockwise. Thus, in adaptation to attractants under conditions of low CheY acetylation (absence of Acs or a low AcCoA level), clockwise resumption would be more difficult and would, therefore, require more time, and vice versa in adaptation to repellents, where counterclockwise recommencement would be easier.
The finding that CheY acetylation is an important regulator of switching (O. Afanzar, D. Di Paolo, M. Eisenstein, A. Plochowietz, A. N. Kapanidis, R. M. Berry and M. Eisenbach, unpublished data) means that its own level should be regulatable. To be regulatable, CheY should be able to undergo both acetylation and deacetylation. Unlike the mechanisms of CheY acetylation, those of CheY deacetylation are hardly explored. It has been reported that the enzymes Acs [10] and CobB [11] can each act as a deacetylase of CheY. The finding made herein that Pta, too, can likely do it, provides a third potential mechanism of CheY deacetylation. Thus, CheY can be acetylated by Acs and by autocatalysis, and deacetylated by Acs, CobB and Pta. Each of these enzymes is a potential target for regulation of the level of CheY acetylation. This multiplicity of mechanisms and regulation targets highlights the importance of this covalent modification.
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